Nuclear magnetic resonance (NMR) relaxation experimentation is an effective technique for probing the dynamics of proton spins in porous media but interpretation requires the application of appropriate spin diffusion models. Molecular dynamics (MD) simulations of porous silicate-based systems containing a quasi-two-dimensional water-filled pore are presented. The MD simulations suggest that the residency time of the water on the pore surface is in the range 0.03-12 ns, typically 2-5 orders of magnitude less than values determined from fits to experimental NMR measurements using the established surface-layer (SL) diffusion models of Korb and co-workers [Phys. Rev. E 56, 1934Rev. E 56, , (1997]. Instead, MD identifies four distinct water layers in a tobermorite-based pore containing surface Ca 2+ ions. Three highly-structured water layers exist within 1 nm of the surface and the central region of the pore contains a homogeneous region of bulk-like water. These regions are referred to as layer 1 and 2 (L1, L2), transition layer (TL) and bulk (B), respectively. Guided by the MD simulations, a two-layer (2L) spin-diffusion NMR relaxation model is proposed comprising two two-dimensional layers of slow-and fast-moving water associated with L2 and layers TL+B respectively. The 2L model provides an improved fit to NMR relaxation times obtained from cementitious material compared to the SL model, yields diffusion correlation times in the range 18-75 ns and 28-40 ps in good agreement with MD, and resolves the surface residency time discrepancy. The 2L model, coupled with NMR relaxation experimentation, provides a simple yet powerful method of characterising the dynamical properties of proton-bearing porous silicate-based systems such as porous glasses, cementitious materials and oil-bearing rocks.
of spins diffusing in the bulk volume of the pore and spins adsorbed to the pore surface.
Assuming exchange between the pore surface and the pore bulk that is faster than the T −1 1 and T
−1
2 relaxation rates (the biphasic fast-exchange regime), the experimental relaxation rates T −1 1 and T
2 are the average of that for the surface fluid and the bulk fluid weighted by the number of spins contributing to the relaxation in each environment [10] . In 2001, Godefroy et al [4] argued that the dominant contribution to the dipolar relaxation in silica carbide granular media was associated solely with the interaction between adsorbed mobile I spins and the electronic spin associated with rare Fe 3+ paramagnetic impurities located on the surface of the pore. The surface I-S interaction was shown to dominate due to a t −1 dependence of the dipolar correlation function G(t) at long times compared to a t −2 dependence due to the dipolar interaction between bulk I spins and surface S spins. We refer to this model, illustrated in Fig. 1 , as the surface-layer (SL) model.
According to the SL model, adsorbed proton-bearing molecules undergo a twodimensional (2D) walk across the pore surface making repeated encounters with surface paramagnetic impurities. The I-S dipolar interaction is modulated by the translational motion of spin I on the surface. The model invokes two correlation times: τ m , the correlation time for surface hops associated with the 2D walk of the I spins on the surface and τ s , the surface residency time which is a measure of surface affinity. Experiments were undertaken by Godefroy et al [4] on hydrated granular porous systems comprising micron-sized grains of SiC. The pore surfaces were composed of silica (SiO 2 ). τ m was obtained by fitting the SL model to the frequency-dependence of T −1 1 and found to be 0.6 ns. τ s was estimated from the high-frequency limit of T −1 1 as 1.6 µs. Later, the SL model was successfully fitted to T −1 1 over 3 orders of magnitude of frequency (20 kHz to 20 MHz) for a mortar [5] and to the ratio T 2 T 1 for white cement paste [6] . The frequency dependence of T −1 1 is particularly sensitive to τ m and consistent values for τ m are obtained for a range of porous materials with silica-based pore surfaces. For example, in the case of calcium silicate hydrates (C-S-H), the active phase in cement materials [11, 12] , τ m is of the order of 1.3 ns [5] . The relaxation times per se are much less sensitive to τ s , but it was nevertheless established that τ s ≫ τ m [4] [5] [6] . However, the ratio of T 2 T 1 depends critically on τ s . A factor of about 0.25 at 20 MHz is typical for C-S-H and leads to an estimate of τ s =13 µs [6] which is close to the value for the hydrated SiC granular system of Godefroy et al [4] .
Despite the success of the SL model in interpreting NMR relaxation data and in yielding consistent values of τ m and τ s for a variety of systems, the validity of the model has been questioned. The estimate of τ s =13 µs for the surface residency time in cementitious material is long and indicates that a water molecule makes approximately 10000 hops before desorbing. It is a challenge to devise a mechanism that allows water molecules to be sufficiently mobile to traverse distances of typically 30 nm yet to be bound to the surface throughout.
Moreover, the SL model assumes that spins which desorb to the pore bulk do not contribute to the relaxation thereafter. In other words, it is assumed that a desorbed spin does not return to the surface on a timescale much longer than the surface residency time of 13 µs.
Yet, a bulk water molecule diffuses a distance of about 0.4 µm in 13 µs, a distance which is much larger than typical pore thickness in cementitious materials where, despite uncertainty as to the morphology of mature C-S-H, most pores have sizes ranging from about 2 nm to 50 nm [7, 13, 14] . Furthermore, the fast-exchange model has limited application if τ s ≈ 10 µs.
For a pore of thickness equivalent to 10 surface layers, for example, mixing of surface and bulk water can only occur over timescales longer than ≈ 10 × 10 µs which is similar to typical spin-spin relaxation times T 2 of 1 H in C-S-H, about 100 µs [14] . This work is motivated by the desire to resolve the above inconsistencies, to identify the nanoscale structure of C-S-H in cement and, in particular, to understand the behaviour of water in the nanoscale pores formed by C-S-H. This is vital if cementitious materials are to be developed with improved durability and lower carbon footprint bearing in mind that cement production worldwide currently contributes 5-8% of global CO 2 emissions and is set to rise further as demand increases in the developing nations. The detailed morphology of C-S-H is still debated but it is widely acknowledged that C-S-H is a highly heterogeneous, nano-porous material comprising disordered sheets of calcium and oxygen atoms and silicate tetrahedra separated by sheets of water further separated by nano-sized pores, so-called gel pores, and larger capillary pores [13, 15] . Although the focus of the present work is on cementitious materials, many of the conclusions are equally applicable to other nanoporous silicate-based materials such as zeolites, glasses and quartz.
In this Paper the results of molecular dynamics (MD) simulations of hydrated cementanalogue Q2D pores are presented. Previous MD simulations of cement-analogue mineralwater interfaces have been undertaken by Kirkpatrick and co-workers [16] , Pellenq and co-workers [17] , Nonat and co-workers [18] , and others. A good review may be found in Ref. [19] . Of particular interest is the comparison of the surface diffusion coefficient between the MD simulation and NMR experimentation [20] characterised in the SL model by a surface diffusion correlation time τ m using a modified tobermorite 9Å cement analogue.
Tobermorite is a silicate-based material with a well-characterised structure used to model stacked C-S-H layers. The surface diffusion correlation time τ m was found to be in the range 0.1-1.1 ns (with an average of 0.2 ns) which is consistent with experiment and serves to validate both the experimental results and the MD approach.
We present results of MD simulations of water in Q2D pores confined by a silica or tobermorite crystal with a focus on the measurement of the surface residency time, τ s . A variety of MD model systems are explored but in all cases τ s is found to be shorter than the value obtained by fitting the SL model to NMR results by 2-5 orders of magnitude.
Furthermore, the MD simulations do not reveal large-scale surface diffusion of water prior to desorption. Both observations conflict with the SL model.
In one MD simulation, the water is confined to a 14Å tobermorite crystal with surfaces modified by replacing bridging SiO 2 tetrahedra by calcium ions. The Ca/Si ratio is therefore 1.5 which is close to that observed in experiment. This simulation reveals three highlystructured water layers and a homogeneous region of bulk-like water in the central region of the pore. Layer 1 (L1) contains adsorbed water located between the crystal surface and a layer of aqueous Ca 2+ ions. The water in layer 2 (L2) forms the first hydration shell to the adsorbed Ca 2+ . Layer 3 is formed by water molecules in the second hydration shell of Ca 2+ ions referred to as the transition layer (TL).
A simplified two-layer model is presented in which the motion of the water is described by two representative 2D layers of mobile water. We refer to this model as the 2L model.
The theory is developed resulting in a nearly analytic expression for the dipolar correlation function representing the interaction between mobile I spins contained in a 2D layer displaced from the static relaxation centres close to the crystal surface. It is demonstrated that the 2L model not only provides an improved fit to the experimental data presented by Barberon and co-workers [5] and McDonald and co-workers [6] but also yields estimates of physical quantities that are consistent with simulation.
The structure of the paper is as follows. The SL model is reviewed in section II B.
The theory for the spin-lattice and spin-spin relaxation times T 1 and T 2 associated with 2D translational diffusion of I spins in a plane displaced from the paramagnetic relaxation centres is presented in section II C. Section III summarises the key results from the MD simulations. Previous experimental results are then re-analysed using the 2L model in section IV and, finally, the key results are summarised in section V.
II. THEORY
A. General background A collection of I spins diffuse in a pore space in the presence of a static magnetic field.
Nuclear spin relaxation arises due to the modulation of the dipolar interaction between the I spins and fixed paramagnetic impurities (S spins) due to the relative translational diffusion and rotational motion of spin I relative to spin S. The spin-lattice and spin-spin relaxation times associated with the translational motion of spin I with respect to spin S, T 1,IS and T 2,IS respectively, may be expressed in terms of the powder-average spectral density function J(ω) as [6, 21] 
where β IS = (µ 0 4π) γ I γ S ̵ h S(S + 1), γ I and γ S are the gyromagnetic ratios for spin I and S respectively with S = 5 2 for Fe 3+ . The Larmor frequency of spin I in the applied static field is ω I and ω S =658.21ω I . The ratio of the relaxation times is therefore
which is Eq. (5) presented by McDonald et al [6] . The powder-average spectral density function J IS (ω) is obtained from the Fourier transformation of the powder-average dipolar correlation function G IS (t) defined as
It is therefore necessary to determine the dipolar correlation function G IS (t) for the translational diffusion of I spins for a chosen diffusion model.
A mobile spin confined to a pore may be located in one of two distinct environments, the surface or bulk. The observed relaxation rate may be expressed
where x = N surf N with N = N surf + N bulk is the fraction of the total number of spins in the surface region. There is an equivalent expression for T −1 2,obs .
B. The surface-layer (SL) model
The SL model introduced by Korb and co-workers [3, 4] is presented schematically in The SL model neglects all I-I spin interactions for surface-surface interactions on the basis that γ S ≫ γ I . All I-S interactions for sub-surface S spins in the crystal are neglected.
Contributions to observed relaxation rates due to the bulk water confined in the pores is not explicitly included in the SL model but this contribution is included as a single frequencyindependent contribution when executing a fit to relaxation time data at low magnetic field [5] .
Korb and co-workers showed that the translational motion of I spins confined to a 2D layer leads to a t −1 dependence of the dipolar correlation function G IS,SL (t) at long times [3, 4] . Consequently, the leading term for G IS,SL (t) at long times is of the form At −1 where A is a constant which is proportional to σ S −4 , where σ S is the areal density of S spins at the 2D pore surface and is a distance parameter of order δ. It is not possible to Fourier transform a function of the form At −1 . Therefore, the SL model also assumes that the I spins desorb from the surface (and cease to contribute to the relaxation) with a characteristic time τ s .
After time τ s , the number of I spins at the surface has dropped by a factor e −1 compared to the number at the surface at t = 0. On this basis, the following expression for G IS,SL (t)
was proposed [4] G IS,SL (t) = A t e −t τs − e −t τm
where the correlation time τ m is the characteristic time for a move of length δ of the I spins within the 2D surface layer such that the self-diffusion coefficient D = δ 2 4τ m . The expression for G IS,SL (t) is dependent on three parameters, A, τ m and τ s . Note that A in Eq. (6) incorporates powder averaging and therefore differs from the expression in Ref. [4] by a factor 1 5. Eq. (6) may be Fourier transformed analytically to yield J IS,SL (ω) and hence the NMR relaxation times may be calculated using Eqs. (1) and (2).
C. G(t) for a displaced 2D layer of diffusing spins
We now determine the powder-average dipolar correlation function G(t) for the transla- 
where P (r, t r 0 ) is the probability density function (or diffusion propagator) for a pair of spins separated by r at time t given the spin pair was separated by r 0 at t = 0. N Fe is the volume density of S spins at the surface of the crystal, usually expressed as
where σ s is the areal density of S spins contained in a thickness δ Fe of crystal. The Y are the spherical harmonic functions of order two and the presence of the asterisk superscript on the Y indicates the complex conjugate. The powder average has been taken resulting in the factor 1 5 [22] .
The probability density function appropriate for the diffusion of I spins relative to fixed S spins where the I spins are confined to a layer of thickness δ may be written
where the appearance of 1 δ arises due to the assumption of a uniform density of I spins across the layer thickness δ where δ is taken to be the approximate distance of nearest approach of protons on different water molecules. The ρ ρ ρ represents a vector in the plane of the layer. D is the 2D self-diffusion coefficient of the I spins which may be expressed in terms of a characteristic diffusion correlation time τ by
Thus τ is the mean time for a move of distance δ in the 2D plane. Note that this definition is slightly different to that for the SL model. In the SL model, δ is the I-S distance of nearest approach [5] although the numerical value is the same in each model, namely 0.27nm.
Eq. (8) is replaced by its well-known Fourier integral with Fourier variable k and then substituted into Eq. (7) to yield
where r 2 = ρ 2 + d 2 , d 2 ρ ρ ρ ≡ ρ dρ dφ and the integrations over z and z 0 have been completed.
The exponential functions are replaced using the Jacobi-Anger expression and the functional forms for the spherical harmonic functions inserted. Integrals involving M = ±1 vanish and the integration over the azimuthal angles φ and φ 0 may be undertaken explicitly. Simplifications lead to the following expression
where
and where the subscripts on I 0 and I 2 reflect their origin as M = 0 and M = 2 terms respectively. Here, J 0 and J 2 are Bessel functions of the first kind. Changing variables to dimensionless quantities based on a distance , such that κ = k , p = ρ and ξ = d , and executing the integrations with the aid of Gradsteyn and Ryzhik [23] gives
Substituting these expressions into Eq. (11) and use of Eq. (9) yields the final expression for
The behaviour of the correlation function at long times may be found by setting the upper limit on the integration to ∆ and making the substitution v = κ √ t to yield
Executing the integral and setting t→∞ produces a leading term for G(t → ∞) of the form
which is independent of both ∆ and ξ. Eq. (16) is fundamentally different from the equivalent expression for the SL model as given by Eq. (6) due to the displacement of the 2D layer containing I spins from the layer containing the relaxation centres. If all I-S spin vectors are contained in a plane, θ=π 2, and the spherical harmonic functions are simplified resulting in a leading term proportional to t −1 . This simplification is not valid when the diffusing spins are displaced from the S spins and the leading term at long times becomes proportional to t −2 . This t −2 dependence was effectively obtained by Korb and co-workers in their analysis of I-I spin relaxation in Q2D pores [3] .
III. RESULTS OF MOLECULAR DYNAMICS SIMULATION
The aim of the present MD simulations is to elucidate the atomic-scale dynamics of water on cement-analogue surfaces thereby testing the validity of the assumptions of the SL models. MD simulations of hydrated silicate-based pores were undertaken exploring a range of crystals, surface morphologies, pore sizes and potential energy functions as summarised in Table I . The five simulations are labelled MD1-MD5. The confining crystals were silica, tobermorite 14Å or tobermorite 11Å [24] [25] [26] . Tobermorite has a well-characterised crystal structure and is frequently used as an analogue for stacked C-S-H layers [19] . Water was confined by the crystal to a Q2D pore with thicknesses ranging from 1.0 to 5.0 nm. As an example, model MD4 is illustrated in Fig. 3 . The MD simulations were performed using the DL POLY package [27, 28] with periodic boundary conditions applied in all three directions. Water molecules in the pore thus experience confinement in the z-direction while the x-y plane is infinite due to the periodic boundary conditions. The SPC/E [29] or TIP4P [30] potential was used for the water-water interactions and the CLAYFF [31] or modified
Freeman [32] [33] [34] [35] potential was applied for interactions within the crystal. The LorentzBerthelot mixing rules [36] were applied to model the crystal-water interface. Some details of models MD1 and MD2 have been published elsewhere [22, 37] .
Each system was equilibrated using the isothermal-isobaric ensemble to a target temperature of 300 K and a pressure of 0 Pa. Water molecules were added or removed from the pore to match the bulk water density in the middle of the pore at equilibrium. A cut-off distance of 10.0Å was applied to the Lennard-Jones potentials and the Ewald summation method [38] was used to incorporate long-range Coulombic interactions. Each of these sys- The surface of C-S-H carries a positive permanent charge due to the deprotonation of Si-OH surface sites. This surface charge causes structuring of water and adsorption of aqueous Ca 2+ ions at the C-S-H surface [40] . The density distribution of water and aqueous Ca 2+ ions in a 3.3 nm pore for the model MD4 is shown in Fig. 4 . Three highly-structured water layers within 1 nm to the surface and a homogeneous region of bulk-like water can be clearly distinguished. These regions are referred to as layer 1 and 2 (L1, L2), transition layer (TL) and bulk (B), respectively. Analysis of current classical MD simulations and our former results from ab initio modelling of C-S-H [40] and tobermorite [25, 26] suggest that L1 is formed by H 2 O molecules adsorbed on the crystalline surface of C-S-H and water coordinating adsorbed aqueous Ca 2+ ions. The L2 layer is formed by water in the first hydration shell of adsorbed Ca 2+ ions. The maximum of the aqueous Ca 2+ density profile is on the L1/L2 boundary. The TL is dominated by water molecules forming the second hydration shell of the adsorbed Ca 2+ ions. The density profile of water-oxygen next to the surface is consistent with that obtained by Cheng and co-workers from a hydrated mica surface using X-ray reflectivity [41] and in accord with the MD simulations of Kalinichev and co-workers [19] .
The 2D self-diffusion coefficient for the water in each layer was determined from the gradient of ⟨x 2 +y 2 ⟩ as a function of t for model MD4. Model MD4 is of 20 ns duration and statistical averaging is taken over MD trajectories every 0.025 ns. The calculation of the 2D self-diffusion coefficient is performed at time t for water which is located in the specific layer throughout the time period 0⋯t. Thus, a spin that leaves the specified layer is excluded from the calculation even if it has returned to the layer at time t.
The water molecules contained in L1 are bonded to the surface of the crystal and to the aqueous Ca 2+ ions. Thus the calcium ions located on the surface increase the surface affinity of the water contained in L1, as predicted in Ref. [19] . Water molecules in L1 remained immobile within the 20 ns simulation time.
The water molecules in L2 form the first hydration shell of adsorbed Ca 2+ ions. The density of water-oxygen atoms in L2 and the aqueous Ca 2+ ions are presented in Fig. 5 which clearly identifies the regions occupied by the water. Density also exists in circular regions which arises due to the cooperative movement of groups of water molecules mediated by the calcium. A more detailed analysis of this unusual diffusion mechanism will be published elsewhere. The diffusion coefficient for the water in layer L2 is found to be approximately 2×10 −12 m 2 /s. The corresponding diffusion correlation time τ L2 defined as δ 2 4D, where δ=0.27 nm, is 9 ns which is broadly consistent with values of τ m from fits to experimental data using the SL model [4, 5] . We speculate that it is the water in L2 rather than L1 which dominates the dipolar relaxation in cementitious systems.
The water contained in the TL is fast-moving, the particle probability density is uniform and the diffusion coefficient of 1.4×10 −9 m 2 /s is of the same order as bulk water. The corresponding diffusion correlation time τ TL is 13 ps. Finally, the diffusion coefficient for the bulk water in region B is found to be 2.7×10 −9 m 2 /s which is larger than the experimental diffusion coefficient of bulk water at room temperature, 2.2×10 −9 m 2 /s [42] , but consistent with MD simulations of bulk water using the same interatomic potential with a similar cell size [22, 43] . The corresponding diffusion correlation time is about 7 ps.
The results for the surface residency time τ s are presented in Table 1 for all models. For all models MD1-MD5, τ s was determined by counting the fraction of spins remaining in the region L1+L2 as a function of time and executing a fit to Ae −t τa + Be −t τ b . Spins leaving region L1+L2 were excluded from the remaining total even if they subsequently returned to L1+L2. The double exponential fit is chosen to accommodate different desorption rates from L1 and L2. τ s is selected as the longest of τ a and τ b .
The surface residency time is found to be 0.03 ns or less in models MD1-MD3 indicating that the water molecules in L1+L2 desorb quite rapidly if the surface affinity is low. τ s is found be 12 ns for model MD4 and 0.08 ns for MD5. The difference between the CLAYFF-SPC/E and Freeman-TIP4P potential sets of MD4 and MD5 respectively is surprisingly large. The Freeman-TIP4P combination is normally used for clays and provided an unphysical flattened crystal interface which was only partially corrected by modifications proposed by Galmarini [35] . We conclude that the CLAYFF-SPC/E potential set is the best combination for hydrated silica-based surface studies and note that this is the same potential set used for the MD simulations of Kalinichev and co-workers [19] . Finally, we note that there is no evidence of large-scale surface diffusion prior to desorption in any model. 
IV. A TWO-LAYER MODEL AND RE-EVALUATION OF EXPERIMENTAL RE-

SULTS
Barberon and co-workers [5] measured T 1 for a hydrated mortar at various times after hydration to about 10.5 h. This is a rare example of the full frequency dependence of T
−1
1 for a cement system to be found in the literature where the data is not renormalised to a master curve. These authors identified a frequency-independent relaxation rate for frequencies less than 22 kHz due to the rigid lattice limit of the I spins within the solid hydrates. From 10 h after hydration, a resonance feature appears at 3-5 MHz which was associated with water molecules bound to surface Fe 3+ impurities. Between the two, Barberon and coworkers identified a bi-logarithmic dependence of T −1 1 on frequency. They divided the pore water into two environments, surface water and bulk water. The frequency-independent relaxation rate associated with the bulk water was estimated from the high-frequency limit of T 1 to be 55 s −1 and the contribution to the frequency-dependent T −1 1 relaxation rate due to surface water was fitted using the SL model described in section II B. Consequently, over the frequency range 0.02-2 MHz, the observed relaxation rate is given by In executing the fits to the T −1 1 relaxation rate, Barberon and co-workers estimated the values of certain physical quantities as listed in Table II leaving three fit parameters, τ s , τ m and x. These authors assumed that τ s ≫ τ m which simplifies Eq. (6) so that it becomes independent of τ s . At the longest hydration time of 10.5 h, the fit yielded τ m ≈ 1.3 ns and x ≈ 0.1. Later, McDonald and co-workers [6] undertook a T 1 -T 2 correlation study of hydrated cement paste. The ratio T 2 T 1 was found to be approximately 0.25 and the SL model was fitted to data yielding τ s ≈ 13 µs.
We now present the alternative model, the two-layer (2L) model, represented schematically in Fig. 6 . The underlying principles which led to the SL model are retained in the 2L model, that is, the primary relaxation mechanism is associated with the translational diffusion of water protons moving in a 2D plane parallel to a crystal surface containing a dilute concentration of surface paramagnetic impurities.
The 2L model contains three key differences from the SL model. First, the 2L model incorporates two 2D layers of diffusing spins, one associated with slow-moving spins close to the pore surface and the second associated with fast-moving spins in the bulk of the pore.
While this can likely be viewed quite generally, it is particularly appropriate to cement C-S-H where pores are believed to be substantially planar. Second, whereas the single 2D layer in the SL model contains both the diffusing spins and the Fe 3+ ions, the 2L model displaces the two 2D layers of diffusing spins from the layer containing the paramagnetic impurities. This is an important distinction because G(t) at long times, as described in section II C, is of the form t −2 rather than t −1 . The third key difference between the SL model and the 2L model relates to assumptions about the behaviour of spins which depart a layer. In the SL model, spins are assumed to desorb from the surface layer with a characteristic desorption time τ s . The desorbed spins cease to contribute to the relaxation thereafter which means that the SL model assumes that spins do not return to the surface layer over the timescale of a NMR relaxation time. Given relaxation times of the order of 100 µs and diffusivities of the order of 10 −9 m 2 /s, the implication therefore is that pore sizes must be of the order of µm. Such a large size is at odds with independent and NMR observations that suggest gel pores are nano-sized [13, 14] . The 2L model, by contrast, allows spins to depart the layer to return at a later time.
The 2L model is developed as follows. Consider two ensembles of spins, slow-moving spins located close to the pore surface and fast-moving spins located in the bulk of the pore.
The observed relaxation rate is given by Eq. (5) 
where N ≈ N L2 +N bulk is the total number of particles in the pore and The 2L model is illustrated schematically in Fig. 6 . Some model parameters are estimated from the MD simulation results and some quantities taken from Barberon and co-workers [5] as summarised in Table III. T   −1 1,L2,IS is associated with the slow-moving spins in L2. The dipolar correlation function is calculated using Eq. (14) and is dependent upon the choice of τ L2 and d L2 = ξ L2 , where we take = δ = 0.27 nm as the distance of closest approach of two proton spins. d L2 is chosen to be 2δ guided by the MD simulation results presented in Fig. 4 which show a sharp peak in the spin density due to the mobile spins in L2 at a distance approximately 2δ from the crystal surface. τ L2 is a fit parameter.
The second 2D layer is designed to approximate T −1 1,bulk,IS for the combined effect of the fast-moving spins contained in both the TL and B regions. The reduction of the quasi-twodimensional (Q2D) volume of spins to a representative equivalent 2D layer is a significant simplification forced, in part, by the absence of a full Q2D solution for the dipolar correlation function. However, we justify the simplification by noting, first, that G IS (t) ∝ t −2 at long times for both the Q2D layer and 2D equivalent layer and, second, that G IS (0) ∝ z −4 which means that the spins that provide the greatest contribution to the relaxation are those in a layer closest to the crystal surface. The ratio T 2 T 1 has been found to lie in the range 0.25-0.30 for a range of cementitious and other materials [6, 44] . Values of T 2 T 1 in the range 0.25-0.30 are indicated by the white boundary in Fig. 7 and overlaps with the best fits to the experimental data providing confidence in the 2L model. T 2 T 1 has a weak dependence on τ L2 but a strong dependence on τ Beq . A similar observation was made by McDonald and co-workers [6] in applying the SL model with regard to τ m and τ s respectively. The dual requirements of a QoF≤180 and co-workers obtain a value of about 20 nm which is closer to measured estimates [13, 45] .
However, Barberon and co-workers set = 0.38 nm [5] and if we assume = 0.38 nm for the 2L model the revised fits also yield an estimate of 20 nm. is a distance unit which scales G(t) and, where possible, is chosen to allow the model G(0) to match the value of G(0)
obtained from another source, for example, from MD [22] . Models for G(t), including the SL and 2L models, assume a uniform spin density which is a poor approximation at short distances where the I-I pair correlation function is highly-structured. may therefore be chosen to compensate for the shortcoming of the uniform spin density approximation. If so, one would expect ≲ δ. Notwithstanding, Barberon and co-workers set approximately equal to the "water molecule size" of 0.38 nm [5] . The physical basis for this choice is not explained.
However, we question the validity of estimating the pore size from x for other reasons. For example, there exists a significant uncertainty in the value of the density of paramagnetic impurities, σ S . This is estimated from electron spin resonance (ESR) measurements and the surface density is deduced from the dry mass of sample. It is assumed that the surface density of impurities is the same as in the bulk. There is evidence, however, of clustering of iron in
AFm and AFt phases [46] which means that the actual value of σ S may be smaller. Moreover, although the average spin density of layer L2 is similar to bulk water, the MD simulations suggest that not all the water molecules located in L2 are equally mobile indicating that just a fraction of the water in L2 contributes significantly to the relaxation. Both effects would decrease the pore size estimate obtained from x.
Finally, we reiterate that the SL model requires a surface residency time τ s whereas the 2L model does not. In the SL model, the spins are assumed to desorb from the surface and cease to contribute to the relaxation thereafter, the fraction of spins remaining on the surface decaying as exp(−t τ s ). A motivation for the present study was that τ s obtained using the SL model is unacceptably long. The 2L model, however, does not require the introduction of the exp(−t τ s ) term because G(t) at long times is of the form t −2 , which can be Fourier transformed, whereas G(t) decays as t −1 in the SL model (which cannot be Fourier transformed). The 2L model therefore resolves the surface residency time discrepancy.
V. CONCLUSIONS
The results of MD simulations of hydrated Q2D pores with the water confined by a silica or tobermorite crystal are presented. The water surface residency time is found to be about 2-5 orders of magnitude shorter than values that consistently emerge when the SL models of Korb and co-workers are fitted to experimental NMR relaxation rate data [2] [3] [4] [5] [6] [7] [8] [9] . Furthermore, no MD simulation reveals large-scale surface diffusion of water prior to desorption. Both observations conflict with the SL model.
The MD simulations identify three highly-structured layers for water at the surface of a tobermorite pore when the bridging tetrahedra are replaced by Ca 2+ ions. Layer L1
contains water adhered to the surface of the pore and layer L2 is the first hydration shell of the aqueous Ca 2+ ions located on the L1/L2 boundary and the third layer is a transition layer. The fourth layer is bulk-like water in the central region of the pore.
Guided by the MD simulations, a two-layer (2L) model is proposed and used to interpret NMR relaxation rates obtained from frequency-dependent T Considering the uncertainties in the morphology of C-S-H, the aqueous Ca 2+ density, the crudeness of the interatomic potentials, the difficulty of obtaining accurate diffusion coefficients even in well-characterised systems and other poorly-known physical quantities, the agreement can be considered as good.
In conclusion, the MD simulations provide fresh insight into the dynamics of water at silicate-based surfaces and the 2L model provides a new approach to the interpretation of NMR relaxation dispersions obtained from proton-bearing porous silicate-based systems such as porous glasses, zeolites, cementitious materials and oil-bearing rocks. Estimated contribution to the relaxation rate due to bulk water [5] x ≈ N S N ≈0.1 A fit parameter [5] τ m 1.3 ns A fit parameter assuming τ s ≫ τ m [5] τ s 13 ± 5µs A fit parameter. Value from T 1 -T 2 NMR correlation experiments on cement paste [6, 8] 
